Aims/hypothesis The association of single nucleotide polymorphisms (SNPs) proximal to CRY2 and MTNR1B with fasting glucose is well established. CRY1/2 and MTNR1B encode proteins that regulate circadian rhythmicity and influence energy metabolism. Here we tested whether season modified the relationship of these loci with blood glucose concentration. Methods SNPs rs8192440 (CRY1), rs11605924 (CRY2) and rs10830963 (MTNR1B) were genotyped in a prospective cohort study from northern Sweden (n=16,499). The number of hours of daylight exposure during the year ranged from 4.5 to 22 h daily. Owing to the non-linear distribution of daylight throughout the year, season was dichotomised based on the vernal and autumnal equinoxes. Effect modification was assessed using linear regression models fitted with a SNP × season interaction term, marginal effect terms and putative confounding variables, with fasting or 2 h glucose concentrations as outcomes. Results The rs8192440 (CRY1) variant was only associated with fasting glucose among participants (n=2,318) examined during the light season ( β=−0.04 mmol/l per A allele, 95% CI −0.08, −0.01, p=0.02, p interaction =0.01). In addition to the established association with fasting glucose, the rs11605924 (CRY2) and rs10830963 (MTNR1B) loci were associated with 2 h glucose concentrations ( β=0.07 mmol/l per A allele, 95% CI 0.03, 0.12, p=0.0008, n=9,605, and β=−0.11 mmol/l per G allele, 95% CI −0.15, −0.06, p<0.0001, n=9,517, respectively), but only in participants examined during the dark season ( p interaction =0.006 and 0.04, respectively). Repeated measures analyses including data collected 10 years after baseline (n=3,500) confirmed the results for the CRY1 locus ( p interaction =0.01). Conclusions/interpretation In summary, these observations suggest a biologically plausible season-dependent association between SNPs at CRY1, CRY2 and MTNR1B and glucose homeostasis.
Introduction
Genetic variation and circadian rhythmicity influence glucose homeostasis [1, 2] , but interactions between these factors have received little attention. Circadian rhythmicity functions through an autoregulated negative feedback loop with an oscillating activation and repression of genes with daily, seasonal and annual rhythms. The activating arm is driven by two transcription factors: circadian locomotor output cycles kaput (CLOCK) and brain and muscle ARNT-like 1 (BMAL1). When activated, CLOCK and BMAL1 enhance the expression of the key transcription factors of the inhibitory armperiod 1-3 (PER1-3) and cryptochrome (CRY) 1 and 2-which in turn inhibit the activity of CLOCK and BMAL1 [2] . The function of most human tissues is believed to be under the influence of their own rhythmicity or 'intrinsic clock'. Through neural (autonomic nervous system) and endocrine (e.g. melatonin) signalling, the master clock in the brain's suprachiasmatic nucleus synchronises the tissuespecific intrinsic clocks to the photoperiod (the time between sunrise and sunset) in response to signals from retinal photoreceptors communicating the presence of daylight. External environmental timing signals (e.g. sleep and feeding patterns, and daylight) cue the regulation of the internal clocks, which influence physiological processes and energy homeostasis to maximise adaptation and fitness [2] . Studies of perturbations of the circadian clock in humans (e.g. via sleep deprivation or shift work) have established links with metabolic dyshomeostasis (e.g. hyperglycaemia, hyperinsulinaemia and decreased leptin levels) [3, 4] and type 2 diabetes [5] .
Elsewhere, variants in genes regulating the circadian clock have been shown to be associated with energy homeostasis. Genetic variation at CRY2 (rs11605924) and MTNR1B (rs10830963) were among the top hits in a genome-wide association study for fasting glucose concentrations conducted by the Meta-Analyses of Glucose and Insulin-related traits Consortium (MAGIC) [1] . The MTNR1B variant is an established locus associated with type 2 diabetes, and variants at CRY2 have been tentatively associated with type 2 diabetes [6] . In human islets, the expression of CRY2 mRNA has been shown to be negatively correlated with levels of glycated haemoglobin, and the expression of CRY2 mRNA was lower in participants with type 2 diabetes [7] . Several recently published studies have further indicated the importance of CRY2 and its circadian co-regulator CRY1 on glucose metabolism and energy homeostasis in mice [8] [9] [10] .
CRY1, CRY2 and melatonin receptor 1B (MTNR1B) have established roles in regulating the circadian rhythm, which in turn affects glucose homeostasis. The single nucleotide polymorphisms (SNPs) we selected at the CRY2 and MTNR1B loci are those that have previously been robustly shown to be associated with blood glucose concentrations [1] . Here we tested whether common genetic variation at CRY1, CRY2 and MTNR1B associates with fasting and post-challenge glucose concentrations in a season-dependent manner in a population of 16,499 adults from northern Sweden, a region with an extensive annual variation in daylight (annual range 4.5-22 h day).
Methods
The Gene-Lifestyle interactions And Complex traits Involved in Elevated disease Risk (GLACIER) Study [11, 12] , is a population-based prospective cohort study of ∼19,000 adults of European ancestry, nested within the Northern Sweden Health and Disease Study at the Department of Biobank Research, Umeå University [13] . Clinical characteristics and extensive information on lifestyle behaviours were obtained within the framework of the Västerbotten Health Survey (also known as the Västerbotten Intervention Program), a population-wide health screening initiative that began in 1985. In the year of their 40th, 50th and 60th birthdays, all residents within the county of Västerbotten (current population ∼260,000) are invited to their primary healthcare centre to attend a comprehensive clinical health examination. Within the GLACIER cohort, baseline examinations were conducted between 1990 and 2009, with ∼5,000 participants currently having data from a 10-year follow-up visit. Participants with self-reported diabetes and/or glucose concentrations indicative of type 2 diabetes [14] were excluded. In total, up to 16,499 participants were eligible for the current analyses, of whom up to 4,751 had data available from a 10-year follow-up examination. Written informed consent was obtained from all the participants, and the Regional Ethical Review Board in Umeå approved all aspects of the study.
Clinical measurements
Clinical examinations were conducted throughout the year, as previously described [12, 13] . The participants arrived at the healthcare centre in the morning following an overnight fast. Fasting capillary blood was collected, and additional capillary blood samples were subsequently drawn at a time point 2 h into a 75 g OGTT. Plasma glucose was assessed using a Reflotron bench-top analyser (Roche Diagnostics Scandinavia, Bromma, Sweden) [13] . For the initial blood draw, 83% of participants reported having fasted for at least 8 h, ∼3% for between 4 and 8 h and ∼1% for less than 4 h, and information on fasting status was unavailable for 13%. In sensitivity analysis, fasting status did not materially alter the results. All analyses were, however, adjusted for fasted status.
Environmental exposure assessments and classification
The GLACIER Study is set within the county of Västerbotten, approximately 400 km (250 miles) south of the Arctic Circle in northern Sweden. The number of hours of daylight at the summer and winter solstices are ∼22 and ∼4.5 h, respectively [15] . At this latitude, the change in daylight exposure is nonlinear. To test the hypothesis that seasonal differences related to daylight exposure modify the association of circadianrelated loci with glucose homeostasis, the year was divided into a light (1 May-31 October) and a dark (1 November-30 April) season, each of 6 months' duration, setting the cut-offs approximately 6 weeks after the vernal and autumnal equinoxes (late March and late September, respectively). In association with the health examination, the participants also complete a self-administered lifestyle questionnaire, covering socioeconomic factors, psychosocial health, and diet and physical activity; the latter were assessed using a validated, selfadministered Food Frequency Questionnaire [16] and a modified version of the International Physical Activity Questionnaire [17] , respectively.
Genotyping
Genomic DNA was extracted from participants' peripheral white blood cells and diluted to 4 ng/μl. Genotyping of rs11605924 (CRY2) and rs10830963 (MTNR1B) was performed using the Sequenom iPLEX platform (Sequenom, San Diego, CA, USA). Genotype concordance (tested with duplicates on one in ten samples) was >99% [11] . The rs8192440 (CRY1) variant was extracted from the MetaboChip array (Illumina, San Diego, CA, USA) [18] , which was available for a subset of the total number of GLACIER participants (n = 5,806). The success rate for genotyping was >96%, and all three SNPs were in HardyWeinberg equilibrium ( p>0.05).
Statistical analysis
All analyses were run in SAS v9.3 (SAS Institute, Cary, NC, USA). Generalised linear models were used for crosssectional analyses, and linear mixed models were used to model repeated-measures data, fitted with a random slope, a random intercept and a continuous indicator variable quantifying the time (in years) between the follow-up and baseline visits, using compound symmetry for the variancecovariance structure.
All models were adjusted for age, sex, fasting status and BMI. Interaction models also included a product term (SNP × season) and marginal effect terms (SNP and season). Because 2 h glucose concentrations are influenced by fasting glucose levels [11] , the models were further adjusted for fasting glucose when 2 h glucose was the outcome measure. To investigate aggregated effects of the MTNR1B and CRY2 loci on 2 h glucose levels, a genetic risk score (GRS) was constructed by summing the (trait-elevating) effect alleles for each participant, as previously described [11] . To control for confounding, additional models were run adjusting for smoking (yes/no), level of education (compulsory school/ college/university) and intake of total energy (kJ/day), fruit (g/day), vegetables (g/day) and whole grains (g/day). Leisure time physical activity level, categorised as active (≥1 time/week) and inactive (<1 time/week), increases in the long summer vacation period in Sweden and may confound or mediate the association of season and glucose concentrations; thus, physical activity was added in a separate step (included in the fully adjusted model unless otherwise indicated).
Results
The characteristics of the participants at baseline are shown in Table 1 .
Compared with the light season (May-October), the baseline fasting glucose concentrations were on average 0.03 mmol/l higher ( p=0.001, 95% CI 0.05, 0.01, n=16, 499) in participants examined during the dark season (November-April). No significant association between season and 2 h glucose levels was observed before ( β=0.03 mmol/l, 95% CI −0.03, 0.08, p=0.33, n=15,917) or after adjustment for fasting glucose ( β=0.04 mmol/l, 95% CI −0.004, 0.09, p=0.07, n=15,917). No association was observed between season and BMI at baseline ( β= −0.09 mmol/l, 95% CI −0.21, 0.04, p=0.17, n=16,499).
Associations and interactions at baseline rs8 19 24 40 (CRY1 ) an d b ase line blo od glu co se concentrations No association was observed between the rs8192440 (CRY1) variant and fasting or 2 h glucose ( β= −0.008 mmol/l per A allele, 95% CI −0.04, 0.02, p=0.51, n=5,806 and β=0.02 mmol/l per A allele, 95% CI −0.03, 0.07, p=0.69, n=5,663, respectively). However, there was a statistically significant interaction between SNP and season ( p interaction =0.01); when the data were stratified by season, the A allele was associated with lower fasting glucose concentrations ( β=−0.04 mmol/l per A allele, 95% CI −0.08, −0.01, p=0.02) among participants who were assessed during the light season (n=2,318), whereas no association was observed in those (n=3,488) assessed during the dark season ( β=0.01 mmol/l per A allele, 95% CI −0.02, 0.04, p=0.33) (Fig. 1a) . Adjusting for lifestyle factors reduced the statistical significance of the interaction effect ( p interaction =0.03), which was further mitigated by additionally adjusting for physical activity ( p interaction =0.06).
rs11605924 (CRY2) and baseline glucose concentrations As previously reported [11] , the A allele at rs11605924 (CRY2) was associated with fasting (β=0.03 mmol/l per A allele, 95% CI 0.02, 0.05, p<0.0001, n=16,397) and 2 h ( β=0.04 mmol/l per A allele, 95% CI 0.002, 0.07, p=0.04, n=15,820) glucose concentrations in the GLACIER cohort. As shown in Fig. 2a , the association between the CRY2 variant and the 2 h glucose concentration depended on the season ( p interaction =0.006); the A allele was associated with higher 2 h glucose concentrations among participants undergoing the OGTT during the dark season ( β=0.07 mmol/l per A allele, 95% CI 0.03, 0.12, p= 0.0008, n=9,605), whereas no association was observed among participants (n=6,215) examined during the light season ( β=−0.02 mmol/l per A allele, 95% CI −0.08, 0.03, p= 0.39). Adjusting for lifestyle factors had no material effect on the results, whereas additionally adjusting for physical activity slightly increased the statistical significance of the interaction effect ( p interaction =0.005). No interaction between season and CRY2 was observed for fasting glucose levels (data not shown).
rs10830963 (MTNR1B) and baseline glucose concentrations In addition to the association between the rs10830963 (MTNR1B) variant and fasting glucose concentrations ( β= 0.09 mmol/l per G allele, 95% CI 0.07, 0.10, p<0.0001, n= 16,268), the G allele was associated with lower 2 h glucose in the GLACIER cohort ( β=−0.07 mmol/l per G allele, 95% CI −0.11, −0.03, p=0.0002, n=15,691), as previously reported [11] . In analyses stratified by season (Fig. 3a) , the G allele was associated with lower 2 h glucose among participants (n=9, 517) studied in the dark season ( β=−0.11 mmol/l per G allele, 95% CI −0.15, −0.06, p<0.0001), but not among participants (n=6,174) examined during the light season ( β=−0.02 mmol/ l per G allele, 95% CI −0.08, 0.04, p=0.46; p interaction =0.04). Adjusting for lifestyle factors slightly strengthened the significance of the interaction effect ( p interaction =0.03), which was further strengthened by adjusting for physical activity ( p interaction =0.01). No interaction of season and MTNR1B variation on fasting glucose concentrations was observed (data not shown).
Combined effects of CRY2 and MTNR1B on 2 h glucose concentrations Each unit increase (one additional effect allele) of the GRS was associated with 0.05 mmol/l higher 2 h 
Repeated-measures analyses
Relevant data for follow-up and repeated measures analysis were available for a total of 3,500 (CRY1) and 4,751 (CRY2 and MTNR1B) GLACIER Study participants who attended a follow-up examination a decade after the baseline visit (mean follow-up time 9.9±0.5 years) ( Table 2 ).
rs8192440 (CRY1) and 10-year follow-up measures of fasting glucose concentrations Assessed in the reduced sample with 10-year follow-up data (n=3,500), the interaction between the CRY1 SNP and season was directionally consistent with the baseline observation (p interaction =0.008): the A allele was associated with lower fasting glucose concentrations ( β = −0.04 mmol/l per A allele, 95% CI −0.09, 0.004, p=0.07) among participants who were assessed during the light season (n=1,433), with an opposite direction of association in those (n=2,067) assessed during the dark season (β=0.04 mmol/l per A allele, 95% CI 0.0008, 0.08, p = 0.05) (Fig. 1b) . Additionally adjusting for lifestyle factors did not materially (Fig. 3b) . The interaction between the MTNR1B variant and season was not statistically significant in the repeated measures analysis using baseline and followup data ( p interaction =0.57, n=4,236, n observations =8,219).
Discussion
Interactions between variants at CRY1, CRY2 and MTNR1B and seasonal differences related to daylight exposure in relation to blood glucose homeostasis are biologically plausible and may be of clinical relevance, although no large epidemiological studies have to our knowledge examined this hypothesis. Here we tested these hypotheses in a prospective cohort study set within a region where annual daylight exposure varies extensively (annual range 4.5-22 h per day). We found a novel association between the CRY1 variant and fasting glucose concentrations that was only evident in participants studied during the lighter part of the year (May-October). In addition to the established association of the CRY2 and MTNR1B locus with fasting glucose concentration [1, 11] , novel associations between the CRY2 and MTNR1B variants with 2 h glucose concentrations were observed, but only for the darker season (November-April). Adjustments for lifestyle factors known to vary by season, which might confound or mediate the observed interactions, had little impact on the results. In a reduced study sample, the interaction results for the CRY1 variant were supported by 10-year follow-up and repeated measures analysis, whereas this was not the case for the CRY2 and MTNR1B variants. Ideally, observations of the nature reported here should be replicated and extended into intervention settings before conclusions about cause and effect can be drawn. Replication cohorts should ideally be larger than the discovery cohort (i.e. n>16,000) to avoid 'winner's curse' and other sources of bias germane to interaction replication studies. An appropriate replication cohort would be one where the index CRY1/2 and MTNR1B variants, fasting and 2 h blood glucose, and lifestyle have been measured, and which includes exposure to a wide variation in annual daylight exposure; such cohorts should thus be located at or above the latitude of the GLACIER Study. To our knowledge, no such cohorts exist. For this reason, we undertook internal replication analyses using the 10 year follow-up data from the GLACIER Study. Although we recognise that this does not represent an independent replication of our baseline findings and has other limitations (e.g. that it is likely to be underpowered owing to the smaller sample size), the data provide further support for some of our initial findings. In addition, no statistically significant interactions (Bonferroni corrected p<0.05/28) were identified in secondary analysis intended to control for the possibility that the interactions we reported were observed for SNPs in or near genes previously associated with fasting glucose concentrations that are not known to modulate circadian rhythm (data not shown) [1] . Nevertheless, our results should be viewed as generating a hypothesis that requires further investigation by others. Epidemiological studies, while useful for generating hypotheses, are poorly suited to inferring causal effects owing to the potential for confounding and reverse causation. Although we controlled for putative confounding factors (with no material influence on the results overall), this does not exclude the possibility that our findings are confounded by unmeasured factors that vary by season, such as physical activity, temperature and mood. Another limitation is that the lifestyle questionnaires used here focused on behaviours in the previous year, and recent behaviours may be more relevant in the context of the current analyses.
The notion that alterations in the transcriptional and translational feedback loop that cues circadian rhythmicity influence energy homeostasis is supported by the genetic manipulation of key clock regulators in different mice models. CRY1, a key regulator of the inhibitory arm of circadian rhythmicity, has been implicated as a key modulator of the intrinsic liver clock: the Cry1 gene is rhythmically expressed, with higher protein levels seen during the transition from night to day, where CRY1 reduces hepatic gluconeogenesis [8] . Mice deficient in CRY1 that are kept on a high-fat diet gain less weight than their wild-type littermates despite comparable levels of energy intake, whereas mice deficient in both CRY1 and CRY2 are susceptible to obesity despite lower energy intake, and show enhanced insulin secretion [9, 10] . When fed normal chow, mice deficient in CRY1 or CRY2 do not differ phenotypically from wild-type mice [10] , whereas mice deficient in both CRY1 and CRY2 gain less fat mass and increase their basal metabolic rate. These animals also display impaired glucose metabolism with a higher and delayed peak in blood glucose levels following an OGTT [19] . Knocking out Cry1 shortens the animals' intrinsic circadian rhythm by ∼1 h compared with wild-type mice, whereas knocking out Cry2 prolongs this period by ∼1 h. Simultaneously knocking out both Cry genes renders the animals' sleep/wake patterns arrhythmic but only when the animals are exposed to constant darkness; they maintain normal rhythmicity under normal light/dark cycles [20, 21] . In humans, it is thus possible that the master clock in the suprachiasmatic nucleus is able to maintain a normal circadian rhythmicity during normal daylight exposure (approximating a 12 h light/12 h dark cycle). However, under conditions where the circadian system is perturbated by extreme levels of daylight exposure (e.g. at geographical locations where daylight is almost constant or completely absent during the summer and winter periods, respectively), alterations in the activity of the CRY proteins might occur, leading to behavioural and molecular circadian arrhythmicity that influence glucose homeostasis.
MTNR1B encodes one of the two melatonin receptor proteins (MT2). Melatonin is a hormone secreted primarily from the pineal gland [22] . A primary role of melatonin is to signal to the rest of the body that night has begun, with levels 10-fold higher at night than during the day. The MT2 receptor (which corresponds to MTNR1B in humans) is found in pancreatic beta cells in humans and mice [23, 24] . Binding of melatonin to the MT2 receptor acutely inhibits insulin secretion and may thus participate in regulating the diurnal insulin secretion pattern [2] . MTNR1B is also expressed in all the major tissues involved in glucose homeostasis, such as skeletal muscle, liver, adipose tissue and hypothalamus [25] .
The rs10830963 variant is located within the single intron of MTNR1B. This variant has no apparent effect on transcription factor binding or splicing [26] , but has been associated with an overexpression of MTNR1B [23] . An increased sensitivity to the inhibitory effect of melatonin on insulin secretion owing to increased MTNR1B receptor availability is consistent with the higher fasting glucose levels that are seen in carriers of the MTNR1B variant rs10830963 [23] , with a modestly increased risk of type 2 diabetes [26, 27] . Despite the decreased insulin response observed during OGTT in MTNR1B carriers, a recent study in humans indicates that the allele of rs10830963, which is associated with fasting glucose levels, might enhance the effect of glucagon-like peptide-1 (incretin) on the insulin response following an oral glucose challenge [28] . Prolonged exposure to melatonin has been shown to potentiate the glucagon-like peptide-1 response through 'melatonin-induced sensitisation' [29] , which could explain our observed association with lower 2 h glucose levels during the dark season. However, defective MTNR1B receptor function as a result of very rare partial or total loss-of-function variants has been linked to a substantially increased risk of type 2 diabetes [30] . Collectively, these results indicate a complex network of tissue-specific effects on glucose homeostasis with melatonin signalling at its centre. The fact that the novel association in this study between the MTNR1B variant and 2 h glucose levels was only evident during the dark season may be because of the reduced periodic melatonin exposure that occurs during the light season, with a shorter nocturnal melatonin peak caused by the known inhibitory effects of light from an early sunrise on melatonin secretion [31] . Dedicated interventional studies in which humans are given melatonin pulses under controlled lighting conditions might help to clarify the respective influence of genetic and environmental variation on this system.
The observed association of the CRY1 variant, and the tentative associations of the CRY2 and MTNR1B variants, with blood glucose concentrations in a season-dependent manner is consistent with established mechanisms through which these genes affect glucose homeostasis. If substantiated, these epidemiological findings further highlight the role of neuroendocrine factors in glucose homeostasis. The results also highlight that the time of day and season of the year in which glucose concentrations are measured may affect the ability to detect genetic associations, because strong environmental factors might sometimes mask genetic influences on metabolic traits.
